While in transit within and between hosts, uropathogenic Escherichia coli (UPEC) will encounter multiple stresses, including substantial levels of nitric oxide and reactive nitrogen intermediates. Here we show that UPEC, the primary cause of urinary tract infections, can be conditioned to grow at accelerated rates in acidified sodium nitrite (ASN), a model system used to generate nitrosative stress. When inoculated into the bladder of a mouse, ASNconditioned UPEC are far more likely to establish an infection than nonconditioned bacteria. Microarray analysis of ASN-conditioned bacteria suggests that several NsrR-regulated genes and other stress-and polyamine-responsive factors may be in part responsible for this effect. Relative to K12 reference strains, most UPEC isolates have increased resistance to ASN, and this can be substantially enhanced by addition of the polyamine cadaverine. Nitrosative stress, as generated by ASN, can stimulate cadaverine synthesis by UPEC, and growth of UPEC with cadaverine-supplemented broth, in the absence of ASN, can also promote UPEC colonization of the bladder. These results suggest that UPEC interactions with polyamines or stresses such as reactive nitrogen intermediates can in effect reprogram the bacteria, enabling them to better colonize the host.
INTRODUCTION
The urinary tract is normally a sterile environment, being both hostile and poorly accessible to most microbes. However, roughly half of women in the United States experience a urinary tract infection (UTI) at least once in their lifetime, and one quarter of affected women endure recurrence (22, 25) . Greater than 80% of UTIs are due to strains of uropathogenic Escherichia coli (UPEC), which are usually presumed to be part-time gut flora that have reached the urinary tract by ascension via the periurethral area (53) . Transmission of UPEC among individuals occurs primarily by way of fecal-oral routes and, in some cases, may involve the ingestion of contaminated food products or sexual contact (15, 23, 33, 40, 41, 57) . In order to survive and disseminate, UPEC must be able to adapt to multiple environments and stresses both within and outside of the host.
When a UPEC infection occurs, recruitment of nitric oxide (NO)-producing neutrophils to the bladder is an important line of defense (26, 48) . Within hours of infection, nitrite levels in the urine increase up to three-fold, and eventually NO within the bladder reaches levels 30-to 50-fold higher than in uninfected controls (39, 48) . These high levels of NO are due in part to inducible NO synthase (iNOS) activity, which is upregulated within 6 h after infection (45) . A role may also be played by endothelial (e)NOS, which is upregulated and activated in the bladder mucosa by E. coli lipopolysaccharide (36) , and the bacteria themselves, which can produce NO through nitrite reductases under conditions of low oxygen tension (12) . NO is a precursor for a variety of reactive nitrogen intermediates (RNIs), such as peroxynitrite and nitrosothiols, which can inflict extensive damage on nucleic acids, lipids, and proteins. Thiols, amines, aromatic residues, heme groups, and iron-sulfur clusters are particularly susceptible to attack by RNIs, making many key metabolic enzymes targets (17, 18) . UPEC may also encounter RNIs outside of the urinary tract, possibly during passage through the upper gastrointestinal tract where nitrate (NO 3 -) and nitrite (NO 2 -) levels can be very high, or on the surface of meat products, which are often treated with nitrite as a coloring agent and preservative (15, 16, 27, 29, 64) . 
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Adaptive responses that allow a bacterial population to survive one stressful condition can, in some instances, enhance its ability to handle other environmental stresses (2, 5, 31, 32, 42) . This cross-protective effect may also potentiate bacterial virulence within a host. Recently, UPEC was found to have the capacity to withstand RNI levels that prevent growth of non-pathogenic E. coli K-12 strains (7, 60) . RNI resistance in UPEC is in part controlled by the envelope stress response sigma factor RpoE (σ E ), the RNA chaperone Hfq, the NO-detoxifying enzyme HmpA, and polyamines (7, 38, 60) . Expanding on these findings, we show here that UPEC can transiently adapt to high levels of nitrosative stress via a polyamine-linked mechanism, enabling this pathogen to grow more rapidly upon subsequent exposure to RNIs and to better colonize the urinary tract in a mouse UTI model system.
MATERIALS AND METHODS
Bacterial strains and growth curves. The K-12 reference strain MG1655 and UTI89, a human cystitis isolate, have been described previously (4, 10, 44) . Other UPEC isolates were kindly provided by D. A. Low (University of California, Santa Barbara) and W. E. Hooton (University of Washington School of Medicine). All growth experiments were performed at 37°C in 100 mM morpholineethanesulfonic acid-buffered Luria-Bertani (MES-LB) broth (pH 5), with or without added sodium nitrite or cadaverine (Sigma-Aldrich) as indicated.
The cultures in Figure 1B were grown in 5 ml MES-LB broth in loosely capped 20-by-150-mm borosilicate glass tubes with shaking (225 rpm, tilted at a 30° angle) and growth was monitored by optical density at 600 nm (OD 600 ) using a Spectronic 20D+ (Thermo). All other growth curves were performed with 200 µl cultures in 100-well honeycomb plates using a Bioscreen C instrument (Growth Curves USA).
Microarray sample preparation. Separate colonies of UTI89 grown on LB agar plates from a -80°C freezer stock were used to start overnight shaking cultures in MES-LB broth. Each culture was then diluted 1:100 into 7 ml MES- and the raw images were converted to CEL files using Affymetrix GCOS software. Image processing using the GCRMA method for probe-level data (30) was performed using the Bioconductor Package in the R statistical environment (24) . The CEL files were analyzed as a group, background corrected using GCRMA (63), normalized using quantile normalization, and summary measures for probe sets were obtained by median polish. Transcripts were categorized, as in Figure 2 , based on literature searches and gene information drawn from was assessed in two ways. First, the ability of UTI89 to agglutinate
Saccharomyces cerevisiae was qualitatively determined by mixing 20 µl of each bacterial strain (OD 600 = 1.5) with 200 µl of a 1% suspension of baker's yeast in PBS on glass slides. In addition, orientation of the fim switch was determined using a previously described inverse PCR protocol (8) . Chromosomal DNA was prepared from control, ASN-condition, and cadaverine-treated cultures (OD 600 ≈1.5) using the Promega Wizard Genomic DNA kit. 500 ng of each genomic DNA sample was used as template in separate reactions designed to detect the fim switch in its on and off orientation. The reactions used the same outside primer (5′-CGACAGCAGAGCTGGTCGCTC-3′) with one of two inside primers.
The primer 5′-GTAAATTATTTCTCTTGTAAATTAATTTCACATCACCTCCGC-3 was used to detect fim in the off orientation, while its reverse complement was used to detect fim in the on orientation. At least three separate cultures were tested for each group, and the ratio of intensities of bands resulting from the PCR reactions was compared to determine relative on and off levels of the fim switch.
Statistics.
Results from the mouse experiments and in vitro growth assays were analyzed by Fisher's exact and Mann-Whitney two-tailed t tests, respectively, using Prism 5.01 software (GraphPad Software). P values of less than 0.05 are considered significant.
RESULTS

Adaptation of UPEC to growth in ASN.
Acidified sodium nitrite (ASN) is a widely used system for generating RNIs in vitro (20, 43) . When added to LB broth buffered at pH 5 with 100 mM MES (MES-LB), sodium nitrite is converted to nitrous acid, which spontaneously forms NO and other RNIs (3, 62) . Upon initial subculture from MES-LB to MES-LB broth with 3 mM ASN, the UPEC cystitis isolate UTI89 has a long lag phase before the start of exponential growth, as shown in Figure 1 Tables 1 and 2 , respectively. Notably, no change in expression of the major type 1 pilus subunit FimA was detected in ASN-conditioned UTI89, although transcription of some of the minor type 1 pilus subunits was somewhat elevated.
Enhanced expression of other major pilus-related genes, including those encoding P pili and curli, was not detected. In contrast, numerous genes involved in the transport and metabolism of carbohydrates were highly altered (Fig. 3) , perhaps indicative of a shift in energy utilization strategies in response to Of note, growth of UTI89 in the presence of ASN to mid-log phase (OD 600 ≈ 0.5), rather than late log-phase (OD 600 = 1.5), did not significantly enhance bacterial colonization of the bladder (Supplemental Fig. 1 ). These data suggest that growth to late log phase helps condition UTI89 for survival within the host on top of, and perhaps independent of, ASN effects.
The transcription of several genes that are altered during the transition of E. coli from an aerobic to a micro-aerobic environment (47) are differentially expressed in ASN-conditioned UTI89, as are many genes that are regulated by the oxygen-and NO-sensitive transcriptional regulator FNR (11). Several FNRregulated genes, including hmpA and ytfE, are also controlled in part by NsrR, a NO-sensitive member of the Rrf2 family of transcription factors (6, 19, 52, 59) .
Among the top 20 most upregulated genes in ASN-conditioned UTI89 (Table 1) In total, six of the 12 genes/operons shown in previous studies to be repressed by NsrR in E. coli were upregulated in our assays (6, 19, 50 Cadaverine enhances UPEC colonization of the bladder. By microarray analysis, we found that multiple genes involved in either the transport or metabolism of polyamines were altered by 5-fold or greater in ASNconditioned UTI89 (see Figure 3 and Supplementary Table S2 ). Polyamines are ubiquitous polycationic molecules that can modulate myriad cellular functions, including bacterial stress response and virulence cascades (51, 56) . Major polyamines produced by bacteria as well as most other forms of life include putrescine, spermidine, and cadaverine. In E. coli, putrescine has been shown to significantly enhance the expression of 309 genes, collectively referred to as the polyamine modulon (65) . Of these, we found that 111 (36%) are upregulated in ASN-conditioned UTI89 by 2-fold or greater (Supplementary Table S2 ).
Previously, we reported that exposure of UTI89 to ASN stimulates cadaverine production, causing levels of this polyamine to increase within 3 h nearly 5-fold relative to controls (7) . Cadaverine synthesis is controlled by CadC, an acid-inducible transcriptional regulator of the cad operon, which consists of cadB (encoding a lysine-cadverine antiporter) and cadA (encoding a lysine decarboxylase) (61) . Disruption of any of the cad genes abrogates cadaverine synthesis by UTI89 and severely attenuates bacterial growth in 3 mM ASN (7).
In contrast, the addition of exogenous cadaverine or other polyamines enhances growth of both wild type UTI89 and the cad mutants in ASN. This effect was not due to polyamine-mediated quenching of NO radicals or the reduction of mutation frequency. By microarray analysis, transcription of the cad genes was not elevated in ASN-conditioned UTI89, suggesting that the cad gene products may be transiently induced early on during growth in ASN, but not later as the bacteria approach stationary phase. Interestingly, expression of a CadA homologue, the so-called "constitutive" lysine decarboxylase encoded by ldcC as part of the polyamine modulon, was increased 6.2-fold in ASN-conditioned UTI89 (Supplementary Table S2 ).
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These results suggest that polyamines and members of the polyamine modulon, many of which are stress response genes, are important regulators of UPEC RNI resistance and possibly host colonization. To examine this possibility, we first determined if the ability of cadaverine to enhance growth of UTI89 in the presence of 3 mM ASN was unique to this UPEC isolate. Twenty-eight pyelonephritis and 21 cystitis UPEC isolates were sub-cultured into MES-LB broth containing 3 mM ASN ± 3 mM cadaverine, and the time it took each culture to reach OD 600 = 0.5 was determined. The concentration of cadaverine used in these assays is below levels that are excreted by UTI89 grown in MES-LB broth (7) . As shown in Figure 4A , all but seven of the UPEC isolates grew better in the presence of 3 mM ASN than the K-12 reference strain MG1655. The addition of exogenous cadaverine significantly accelerated the growth of all strains, including MG1655, reducing the time required to reach OD 600 = 0.5 in ASNcontaining broth by 7 to more than 41 h (Figures 4A and B) . Overall, cadaverine had an equalizing effect on growth of all tested strains, such that they now all reached OD 600 = 0.5 with ASN present at more similar rates. No significant differences were observed between the cystitis and pyelonephritis isolates in these assays. Notably, 3 mM cadaverine had no effect on UPEC growth rates in MES-LB in the absence of ASN (data not shown and (7)). Relative to a K12 reference strain, most UPEC isolates have heightened resistance to ASN, and this can be substantially augmented by addition of cadaverine (see Fig. 4 ). RNIs, as generated by ASN, can induce cadaverine production by UPEC (7), and cadaverine on its own in the absence of ASN can also promote UPEC colonization of the bladder. These results suggest that ASN may prime UPEC for increased survival within the urinary tract in part by stimulating polyamine production. Microarray-based experiments described here indicate that a significant fraction of the polyamine modulon is upregulated in 
